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ABSTRACT 
The alloys of niobium and tantalum are attractive from a strength and 
compatibility viewpoint for high operating temperatures required in materials 
for fuel cladding, liquid metal transfer, and heat pipe applications in space 
power systems that will supply from 100 kWe to multi-megawatts for advanced 
space systems. To meet the system requirements, operating temperatures rang- 
ing from 1100 to 1600 K have been proposed. 
power systems are from 7 to 10 yr. A program was conducted at NASA Lewis to 
determine the effects of long-term, high-temperature exposure on the micro- 
structural stability of several commercial tantalum and niobium alloys. 
Variables studied in the investigation included alloy composition, pre-age 
annealing temperature, aging time, temperature, and environment (lithium or 
vacuum), welding, and hydrogen doping. Alloys were investigated by means o f  
cryogenic bend tests and tensile tests. Results showed that the combination 
of tungsten and hafnium or zirconium found in commercial alloys such as T-111 
and Cb-752 can lead to aging embrittlement and increased susceptibility to 
hydrogen embrittlement of ternary and more complex alloys. 
alloy composition helped to eliminate the embrittlement problem. 
INTRODUCTION 
Expected lives of these space 
Modification of 
Niobium and tantalum alloys are being considered for use in advanced space- 
'power systems in applications such as nuclear fuel-element cladding, liquid 
metal transfer, and heat pipes. Hinimum requirements for these applications 
i nc lude  h igh  creep res is tance i n  the  temperature range 1100 t o  1600 K, a 
d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature w e l l  below room temperature, good form- 
a b i l i t y  and w e l d a b i l i t y ,  and cor ros ion  res is tance t o  l i q u i d  a l k a l i  metals such 
as l i t h i u m ,  sodium, and potassium. Resul ts have shown t h a t  severe co r ros ion  
can occur i n  tantalum-10 tungsten (Ta-10 W) (weight percent)  contaminated w i t h  
oxygen concentrated a t  g r a i n  boundaries, because o f  p r e f e r e n t i a l  a t tack  o f  
these high-oxygen content  regions by l i q u i d  metals (Moss e t  a l . ,  1970). 
Because o f  t h i s  p o t e n t i a l  cor ros ion  problem a r e a c t i v e  element such as hafnium 
i s  added t o  t h e  Ta-base a l l o y  t o  serve as a g e t t e r  f o r  oxygen. 
ox ide t h a t  forms, hafnium d iox ide  (Hf02),  i s  n o t  a t tacked by the  a l k a l i  metal 
thus p e r m i t t i n g  operat ion o f  Ta-base a l l o y s  i n  a l k a l i  metal  environments even 
when oxygen contamination e x i s t s .  Tests have shown t h a t  T-111 (Ta-8W-2Hf) can 
success fu l l y  operate f o r  several thousand hours i n  an a l k a l i  metal  environment 
w i t h  l i t t l e  o r  no cor ros ion  (Moss e t  a1.,1970). However, room-temperature 
embr i t t lement  has been noted I n  T-111 specimens aged f o r  1000 h r  o r  longer  a t  
1275 K. A program conducted a t  NASA Lewis by Watson and Stephens (1972) i n d l -  
cated t h a t  the  b r i t t l e  I n te rg ranu la r  f r a c t u r e s  observed i n  aged T-711 were 
caused by hydrogen embri t t lement du r ing  post-aging handl ing operat ions.  
r e s u l t s  f u r t h e r  suggested t h a t  t h e  presence o f  Hf02 a t  t he  g r a i n  boundaries 
o f  T-111 aged a t  1315 K may be associated w i t h  i t s  subsequent increased sensi-  
t i v i t y  t o  hydrogen embri t t lement.  The pr imary purposes o f  a se r ies  o f  s tud les 
conducted a t  NASA Lewis  by Stephens (1974, 1975, 1975, 1977, and 1977) were 
t o  i n v e s t i g a t e  i n  greater  d e t a i l  the  causes o f  embr i t t lement  a f t e r  long term 
aging and t o  seek means o f  a l l e v i a t i n g  t h i s  problem through a l l o y  mod i f i ca t i on .  
A t o t a l  o f  e ight  Ta-base a l l o y s ,  t h ree  Nb-base a l l o y s ,  and one Mo-base 
The s t a b l e  
The 
a l l o y  were  inves t iga ted .  Test var iab les  inc luded pre-age anneal ing tempera- 
tu re ,  s imulated bu t t  welding, and aging cond i t i ons  ( t ime,  temperature, and 
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environment). Evaluation included bend testing and tensile testing to measure 
effects on ductility and strength. 
EXPERIMENTAL 
Materials 
The chemical compositions of the alloys evaluated In this study are listed 
in Table 1. The alloys were obtained In the form of sheet ranging in thickness 
from 0.75 to 1.5 mn thick and in the form of tubing having a 19 nun 0.d. and a 
1.5 nun wall thickness. To evaluate the effect of welding, a gas-tungsten-arc 
bead-on-plate weld (to simulate a butt weld) was made along the longitudinal 
centerline of some of the Ta-base alloy specimens. A standard annealing treat- 
ment for the Ta-base alloys consisted of 1 h at 1925 K plus 1 h at 1590 K .  
Some specimens were also annealed at 2090 and 2250 K instead of the 1925 K 
standard heat treatment. Resulting grain sites of 26, 52, and 150 vm were 
achieved for annealing temperatures of 1925, 2090, and 2255 K ,  respectively. 
Niobium alloys were annealed at 1620 K for 1 h while the Mo-base alloy was 
annealed at 1700 K for 1 h. 
Agl ng 
Tantalum alloys were aged at 1315 K for 1000 and 5000 h in vacuum and at 
1200 and 1425 K for 1000 h in both vacuum and a lithium environment. Niobium 
and Mo alloys were annealed only i n  vacuum for 1000 h at temperatures ranging 
from 975 to 1300 K .  
Hydrogen Doping 
Hydrogen doping was accomplished by heating several specimens from each 
alloy in an evacuated furnace to 1315 K (Ta alloys) and 1100 K (Nb and Mo 
alloys), at which point hydrogen was introduced into the furnace to a pressure 
of 13 kN/m . The specimens were held at temperature for 10 minutes followed 
.by cooling in a helium atmosphere. 
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I Eva lua t ion  
d i t i o n s .  
t he  Group V a l l oys ,  Ta and Nb. The r e s u l t s  w i l l  be discussed i n  the  order of 
emphasis a t  the  t i m e  the  research was conducted. Inc luded among the  Nb a l l o y s  
was Nb-1Zr whlch i s  the  pr lmary a l l o y  under cons idera t ion  f o r  cu r ren t  space 
power systems such as the SP-100 Program. 
Tantalum-Base A l l o y s  
Chemical ana lys is  
Molybdenum a l l o y s  were inves t iga ted  t o  i nc lude  a Group V I  a l l o y  w i t h  
I n t e r s t i a l  impur i t i es  were determlned f o r  t he  a l l o y s  be fore  and a f t e r  
aglng. Resul ts ind ica ted  t h a t  ag ing i n  l i t h i u m  o r  vacuum had no apparent 
e f f e c t  on the  n i t rogen content  o f  the  Ta a l l o y s .  I n  con t ras t ,  t he  oxygen data 
revealed t h a t  aging I n  l i t h i u m  s u b s t a n t i a l l y  reduced the  oxygen content  of the  
Ta a l l o y s  a t  1315 and 1425 K ( f o r  example from 65 t o  33 ppm and from 33 t o  
8 ppm I n  other  cases ) ,  and t o  a l e s s e r  ex ten t  a t  1200 K ( f rom 65 t o  44 ppm). 
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Bend and t e n s l l e  t e s t i n g  w e r e  used as the  pr imary measurement t o  determine 
t h e  e f f e c t s  o f  aging, a l l o y  composition, and o ther  va r iab les  on the  mechanical 
p roper t i es  o f  t h e  three a l l o y  systems. 
w i t h  chemical analyses were  used t o  f u r t h e r  charac ter ize  t h e  a l l o y s .  
RESULTS 
L i g h t  and e l e c t r o n  microscopy along 
A t  t h e  t ime these programs were conducted, i n  the  e a r l y  1970's, emphasis 
Only a minor was p r i m a r i l y  on tantalum-base a l l o y s  and niobium-base a l l o y s .  
i n t e r e s t  i n  the  molybdenum-base a l l o y s  as candidate space power system 
mate r ia l s  ex i s ted  due t o  the  f a b r i c a b i l i t y  problems associated w i t h  forming 
heat pipes, f u e l  c laddlng conf igura t ions ,  and so on. Because o f  t h l s  emphasis, 
our work focused p r i m a r i l y  on the  Ta-base a l l o y  T-111, w h i l e  secondar i ly ,  n lo -  
bium a l l o y s  were studied because o f  t h e i r  s i m i l a r i t y  t o  Ta-base a l l o y s .  I t  
was des l rab le  t o  determine i f  the  aging embri t t lement problem noted i n  some 
instances f o r  t he  Ta a l l o y s  a l so  occurred I n  Nb a l l o y s  and under s i m i l a r  con- 
Aging i n  vacuum d i d  no t  reduce t h e  oxygen content o f  t h e  a l l o y s  except f o r  
T-111 which had been pre-aged annealed a t  2090 and 2255 K ( t o  52 and 34 ppm) . 
The hydrogen ana lys is  f o r  doped specimens revealed a p ickup o f  about 5 t o  
10  ppm hydrogen f o r  a l l  the  a l l o y s  I n  the  pre-age annealed c o n d i t i o n  and from 
10 t o  30 ppm hydrogen f o r  aged specimens. 
Bend d u c t i l i t y  
The e f f e c t  o f  pre-age anneal ing temperature on t h e  d u c t i l i t y  o f  T-111 tube 
t h a t  was subsequently aged i n  l i t h i u m  f o r  1000 h a t  1315 K i s  shown i n  F igure 1. 
Specimens were b r i t t l e  a t  77 K a f t e r  a l l  pre-age anneal ing t reatments and, as 
the pre-age anneal ing temperature was increased t o  2255 K, T-711 became b r i t t l e  
a t  room temperature. 
s i z e  o f  these specimens compared w i th  the  g r a i n  s i z e  o f  26 and 52 pm f o r  speci-  
mens annealed a t  1925 and 2090 K, respec t ive ly .  F igure 2 i l l u s t r a t e s  the  
e f f e c t s  o f  aging temperature on the bend d u c t i l i t y  o f  T-111 tube. 
t h a t  t h e  annealed specimens and those aged a t  1200 and 1425 K could undergo a 
f u l l  180°, O t  bend a t  77 K w i thou t  f r a c t u r e  o r  c rack ing  w h i l e  specimens aged 
a t  1315 K f rac tu red  w i t h  essen t ia l l y  no d u c t i l i t y .  
w i l l  be termed aging embri t t lement and seems t o  be conf ined t o  specimens aged 
over a narrow temperature range near 1315 K.  
This i s  a t t r i b u t e d  i n  p a r t  t o  the  l a r g e  (150 pm) g r a i n  
It is.shown 
This l ack  o f  d u c t i l l t y  
The remaining aging cond i t ions  
i n v e s t i g a t e d  ( t i m e  and environment) had very l i t t l e  e f f e c t  on the  bend duc- 
t i l i t y  o f  T-111. Extending the  aging t ime t o  5000 h a t  1315 K resu l ted  i n  
b r i t t l e  behavior a t  77 K and d u c t i l e  behavior a t  room temperature, r e s u l t s  
s i m i l a r  t o  those obtained a f t e r  the standard 1000 h t reatment .  
Several o f  the  sheet bend specimens were welded be fore  t h e  standard aging 
t reatment  and i n  the  as welded cond i t i on  were d u c t i l e  a t  77 K .  Since the  stan- 
dard aging treatment produced embri t t lement a t  77 K, bend t e s t s  on welded and 
,aged T-111 were conducted on ly  a t  room temperature where a l l  specimens which 
had been both welded and aged were b r i t t l e .  A s i m i l a r  f i n d i n g  was repor ted 
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prev ious l y  f o r  welded T-111 a f t e r  ag ing f o r  1000 t o  10 000 hr  over the  temper- 
a tu re  range 1255-1425 K (Lessmann and Gold 1970). The l a r g e  g r a i n  s i z e  devel-  
oped i n  t h e  weld area i s  assumed t o  c o n t r i b u t e  t o  t h e  embr i t t lement .  
t e s t  r e s u l t s  a r e  summarized i n  F igure 3 f o r  T-111 sheet doped w i t h  hydrogen. 
I t  should be noted t h a t  sheet aged a t  1200 K and then doped w i th  10 ppm hydro- 
gen s t i l l  exh ib i t ed  some d u c t i l i t y  a t  77 K. I n  cont ras t ,  T-111 sheet aged a t  
1315 and 1425 K and then doped w i t h  10 ppm hydrogen was b r i t t l e  a t  the less  
severe t e s t  temperature o f  300 K. 
200 K i n  t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature (DBTT) o f  T-111 sheet and 
i s  i n  agreement with previous r e s u l t s  repor ted by Watson and Stephens (1972). 
S im i la r  r e s u l t s  were found on tub ing  ma te r ia l  a lso.  However t h i s  embr i t t lement  
i s  no t  s o l e l y  re la ted  t o  the  bu lk  hydrogen content o f  10 ppm s ince vary ing  
degrees o f  d u c t i l i t y  were observed depending on aging cond i t ions .  
Bend 
This corresponds t o  an increase o f  over 
The e f f e c t s  o f  a l l o y  composition are  most i n t e r e s t i n g  and g i v e  some i 'ns ight  
i n t o  the  reasons f o r  aging embr i t t lement  and s u s c e p t i b i l i t y  t o  hydrogen 
embr i t t lement  i n  Ta-base a l l o y s .  
pre-age annealed cond i t ion .  Only two o f  t he  a l l o y s ,  Ta-8W-2Hf (T-111) and 
Ta-8W-3Hf, were suscept ib le  t o  aging embri t t lement.  These t w o  a l l o y s  conta ln  
the  grea tes t  amount of  W and H f ,  suggesting t h a t  t h e  combined l e v e l s  o f  W and 
H f  have an important e f f e c t  on the  a l l o y ' s  s u s c e p t i b i l i t y  t o  ag ing e m b r i t t l e -  
ment. Bend data f o r  hydrogen-doped Ta a l l o y s  a r e  shown i n  F igure  4. I n  the  
annealed cond i t i on  on ly  T-111 ind i ca ted  any evidence o f  l oss  i n  d u c t i l i t y  a t  
77 K owing t o  the a d d i t i o n  o f  approximately 8 ppm hydrogen. Aging and then 
doping w i t h  hydrogen resu l ted  i n  embr i t t lement  of a l l  t h e  a l l o y s  except the  
t w o  b ina ry  a l l oys :  
bend a t  77 K and Ta-2Hf showed no l o s s  of d u c t i l i t y  a t  77 K .  
embr i t t lement  was most severe i n  the  Ta-8W-2Hf (T-111) and Ta-8W-3Hf a l l o y s ,  
t he  specimens being b r i t t l e  a t  300 K a f t e r  ag ing e i t h e r  i n  l i t h i u m  o r  vacuum. 
A l l  compositions were d u c t i l e  a t  77 K i n  the  
Ta-1OW exh ib i ted  on ly  s l i g h t  surface cracks a f t e r  a 180" 
Hydrogen 
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In contrast, the ductility at 300 K of the remaining ternary alloys and ASTAR- 
811C showed a dependence on aging environment which in turn could be related 
to the hydrogen content of the specimens, 12 ppm for vacuum aging and 25 ppm 
for lithium aging. 
to have permitted higher amounts of hydrogen to enter the specimens during 
subsequent hydrogen doping. 
Tensile properties 
The reduced oxygen content after lithium aging is believed 
The tensile behavior of the Ta alloys was similar and was characterized 
by three distinct types of stress-strain curves depending on the test tempera- 
ture, as shown in Figure 5. At lower test temperatures (from 300 to 895 K )  
the alloys exhibited a yield point drop that is attributed to the locking o f  
dislocations by interstial Impurities present in the alloys. At the highest 
test temperatures (1315 to 1455 K )  smooth stress-strain curves were observed, 
while at the intermediate test temperatures (primarily from 1035 to 1315 K )  
serrated flow curves characterized the alloys. This behavior is attributed to 
dynamic strain aging, which is due to repeated breaking away of dislocations 
by impurity atmospheres and to subsequent locking o f  dislocations by impurity 
atmospheres. Oxygen has previously been identified by Sheffler et al. (1970) 
to be the responsible species. 
Based on a comparison of the data for sheet and tubing, it is concluded 
that processing history does not have a significant effect on the tensile 
properties of T-111. 
properties of T-111 sheet are shown in Figure 6. It may be seen that the 
various conditions had little effect on the yield strength and only a minor 
effect on ultimate tensile strength. 
to 1425 K the ultimate tensile strength was lowered by minimizing dynamic 
strain aging. 
The effects of aging time and environment on the tensile 
Over the temperature range of about 875 
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The e f f e c t  of aging on t h e  t e n s i l e  s t rength  o f  each o f  t h e  o ther  a l l o y s  i s  
shown i n  F igure  7. 
s t reng th  o f  Ta-1OW decreased s u b s t a n t i a l l y ,  w i t h  l i t h i u m  having a g rea ter  
e f f e c t  than vacuum. Aging of Ta-2Hf minimized t h e  e f f e c t s  o f  dynamic s t ra inage 
s t rengthening over t h e  875 t o  1315 K temperature range f o r  t h e  u l t i m a t e  t e n s i l e  
s t reng th  and decreased the  y i e l d  s t rength  p r i m a r i l y  over the  300 t o  775 K 
temperature range. I n  Contrast ,  t he  remaining te rna ry  a l l o y s  exh ib i t ed  on ly  
minor v a r i a t i o n s  I n  s t rength  w i t h  aging cond i t ions .  
Scanning e l e c t r o n  microscopy 
It should be noted t h a t  both the  u l t i m a t e  and y i e l d  
F igure  8 shows scanning e l e c t r o n  micrographs o f  f r a c t u r e d  surfaces o f  the  
e i g h t  Ta a l l o y s  tha t  had been aged, hydrogen-doped, and then bend tes ted  a t  
300 K. I t  should be noted t h a t  Ta-1OW (F igure  8(a) )  f a i l e d  I n  a d u c t i l e  manner 
( f r a c t u r e  achieved by repeated bending i n  opposi te  d i r e c t i o n s )  and was f r e e  o f  
p r e c i p i t a t e  p a r t i c l e s  a t  g r a i n  boundaries. 
Ta-8W base a l l o y s ,  b r i t t l e  i n t e r g r a n u l a r  f r a c t u r e  dominates the  m ic ros t ruc tu re  
w i t h  some evidence o f  d u c t i l e  tea r ing ,  as shown I n  Figures 8(b) t o  (d )  f o r  H f  
l e v e l s  o f  0.5, 0.7, and 1.0, respec t i ve l y .  A l l oys  w i th  l a r g e r  H f  add i t i ons  
(2.0 and 3.0 percent)  f rac tu red  i n  a completely b r i t t l e  manner as shown i n  
Figures 8(e)  and ( f ) .  B r i t t l e  i n t e r g r a n u l a r  f a i l u r e  a l s o  character ized the  
Ta-4W-2Hf a l l o y  (F igure 8 (g ) ) .  However, on complete removal o f  W f rom the  
a l l o y  system, d u c t i l e  f a i l u r e  character ized the  Ta-2Hf a l l o y  (F lgure  8(h)) ,  
and the  g r a i n  boundaries were f r e e  o f  p r e c i p i t a t e  p a r t i c l e s ,  as were those of 
Ta-1OW. P r e c i p i t a t e  p a r t i c l e s  were observed i n  a l l  t he  te rna ry  a l l o y s  and i n  
ASTAR-811CS which exh ib i t ed  e i t h e r  predominantly o r  t o t a l l y  i n t e r g r a n u l a r  
f a i l u r e .  
t a t e  p a r t i c l e s  a t  the g ra in  boundaries. A s  e i t h e r  the  Hf content  i s  reduced 
t o  0.5 t o  1.0 percent o r  the  W i s  reduced t o  4 percent,  fewer p a r t i c l e s  w e r e  
observed a t  the  gra ln  boundaries. I t  i s  t h i s  v a r i a t i o n  i n  amount of 
With inc reas ing  H f  content  I n  the  
The Ta-8W-3Hf a l l o y  contained t h e  grea tes t  concent ra t ion  of p r e c i p i -  
8 
p r e c i p i t a t e s  a t  t he  g r a i n  boundaries t h a t  I s  be l ieved t o  account f o r  t h e  aging 
embr i t t lement  e x h i b i t e d  only  by the  Ta-8W-2Hf and Ta-8W-3Hf a l l o y s .  The 
remaining te rna ry  a l l o y s  and ASTAR-811C w i t h  fewer p r e c i p i t a t e s  a t  t h e  bound- 
a r i e s  and t h e  two b inary  a l l o y s  w i t h  an absence o f  p r e c i p i t a t e  p a r t i c l e s  d i d  
n o t  e x h i b i t  ag ing embri t t lement.  
w i t h  p a r t i c l e s  a t  t he  g r a i n  boundaries exh ib i t ed  hydrogen embr i t t lement .  
i d e n t i t y  o f  t he  p a r t i c l e s  was achieved by per forming c h a r a c t e r i s t i c  x-ray 
ana lys i s  i n  the  scanning e lec t ron  microscope us ing  an energy d i spe rs i ve  spec- 
t rometer .  F igure 9(a) shows the f r a c t u r e  surface o f  a sheet T-111 specimen a t  
1315 K .  Analysis o f  the  g r a i n  boundary sur face away from the  p a r t i c l e s  i s  
shown i n  F igure 9(b) w h i l e  Figures 9(c) and (d )  show analyses o f  p a r t i c l e s  A 
and B i n  F igure 9(a) located a t  a g ra in  boundary i n t e r s e c t i o n  and on t h e  g r a i n  
boundary surface, respec t i ve l y .  The ana lys is  demonstrates t h a t  t he  p a r t i c l e s  
a re  H f  r i c h .  
observed a t  g r a i n  boundaries corresponding t o  H f  peaks. 
I t  i s  concluded t h a t  the  p a r t i c l e s  are Hf02. The r e s u l t s  suggest t h a t  no t  
on l y  i s  composition of t h e  Ta-base a l l o y s  impor tant  t o  the aging embr i t t lement  
problem, bu t  aging temperature i s  of extreme importance as w e l l .  The r e s u l t s  
suggest t h a t  a c r i t i c a l  temperature f o r  Ta-base a l l o y s  i s  over the  range 0.35 
t o  0.47 Tm on a homologous temperature bas is .  
Niobium-Base A l loys  
Upon doping w i t h  hydrogen, a l l  t he  a l l o y s  
The 
I n  add i t i on ,  by using a step scan technique oxygen peaks were 
Based on these r e s u l t s  
As  mentioned prev ious ly ,  primary emphasis was placed on Ta-base a l l o y s  
because o f  t h e i r  h igh  p r i o r i t y  a t  the t ime o f  these inves t i ga t i ons .  A f t e r  
ana lyz ing  the  aging r e s u l t s  obtained on t h e  Ta a l l o y s ,  a s i m i l a r  study was 
conducted on th ree  Nb-base a l l o y s .  A l l oys  inc luded were  C-103 and Nb-lZr, 
bo th  o f  i n t e r e s t  f o r  space power systems. I n  add i t i on ,  Cb-752 was se lected 
because o f  i t s  cornposition. The combination o f  W and Z r  i n  t h i s  a l l o y  sug- 
gested t h a t  aging embri t t lement would a l s o  occur i n  t h i s  a l l o y  and thus would 
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provide an opportunity to determine how widespread the aging embrittlement 
phenomenon is in refractory metal alloys. 
chemical analysis, bend tests, and metallography. 
Chemical analysis 
Nb-base alloys were evaluated by 
Aging of the Nb-base alloys was conducted in vacuum only and chemical 
analyses before and after aging indicated no signiffcant changes in interstial 
content of the alloys. 
that used for the Ta alloys except that a temperature of 1100 K was used for 
the N b  alloys which on a homologous temperature basis is equivalent to that 
used for the Ta alloys. After doping, hydrogen contents of the alloys were 
about 60, 50, and 40 ppm for C-103, Nb-lZr, and Cb-752, respectively. 
Bend ductility 
Hydrogen doping was achieved in a manner similar to 
Bend tests were conducted on specimens in the annealed condition and after 
aging for 1000 h at temperatures ranging from 975 to 1300 K .  
the bend test results is shown in Figure 10. It should be noted in Figures 
lO(a) and (b) that the bend ductilities for C-103 an Nb-1Zr are not imparted 
as a result of aglng over the critical temperature range 0.35 to 0.47 Tm. 
In contrast, for Cb-752, Figure lO(c), aging at 1175 K (0.43 Tm) resulted i n  
a ductile-brittle transition temperature of 125 K ,  an increase of at least 
50 K .  
the behavior observed in Ta-base alloys such as T-111. 
A comparison of 
Thus aging embrittlement occurs in Cb-752 in a manner quite similar to 
A comparison of the effects of hydrogen doping on the ductility of the N b  
alloys is shown in Figure 11. 
in C-103 did not affect the ductility at 77 K ,  Figure ll(a) for the annealed 
or aged conditions. The DBTT of the annealed Nb-1Zr alloy was below 77 K after 
doping to about 50 ppm hydrogen. 
,doped Nb-1Zr specimens was 175 K ,  as illustrated in Figure ll(b). 
trend noted is that ductility at 77 and 125 K increases with increasing aging 
Hydrogen doping to an average content of 60 ppm 
In contrast, the DBTT of all aged and hydrogen- 
A general 
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temperature which may be a t t r i b u t e d  t o  a change i n  m ic ros t ruc tu re  observed i n  
these a l l o y s .  Aging a t  975 and 1100 K produced p l a t e l e t - t y p e  p a r t i c l e s  prim- 
a r i l y  a t  g r a i n  boundaries and a f t e r  aging a t  1200 K these p a r t i c l e s  were 
p r i m a r i l y  i n te rg ranu la r .  
1250 and 1300 K, the  microst ructures o f  Nb-1Zr were f r e e  o f  p r e c i p i t a t e  par-  
t i c l e s .  The presence of  t he  p r e c i p i t a t e  p a r t i c l e s  combined w i t h  hydrogen may 
account f o r  t he  low d u c t i l i t y  f o r  specimens aged a t  lower temperatures. Duc- 
t i l i t y  increased f o r  h igher  aging temperatures, which a l s o  resu l ted  i n  the  
disappearance o f  the  p l a t e l e t  p a r t i c l e s .  
DBTT o f  Cb-752 i s  i l l u s t r a t e d  i n  Figure l l ( c ) .  Hydrogen doping t o  an average 
l e v e l  o f  40 ppm increased the  DBTT o f  annealed Cb-752 t o  above room tempera- 
tu re ,  325 K.  The h ighest  DBTT was f o r  specimens aged a t  the  in termediate 
temperature o f  1175 K, t he  temperature where aging embr i t t lement  occurred i n  
I n  contrast ,  aging a t  the  h igher  temperatures o f  
The e f f e c t  o f  hydrogen doping on the  
Cb-752. 
Scannins e l e c t r o n  mic roscow 
Since aging embri t t lement occurred i n  the  Cb-752 a l l o y ,  r e s u l t s  f o r  t h i s  
The f r a c t u r e  sur face o f  a Cb-752 specimen a l l o y  on ly  w i l l  be presented here. 
aged a t  1175 K and subsequently tested a t  77 K i s  shown i n  F igure 12. 
embr i t t lement  which occurred a t  t h i s  temperature produced a b r i t t l e ,  i n te r -  
g ranu lar  f r a c t u r e .  
a t  g r a i n  boundary i n te rsec t i ons .  Analysis o f  a grain-boundary surface area 
f r e e  o f  p a r t i c l e s  i s  shown i n  Figure 12(b) .  Only Nb and W were detected i n  
t h i s  area. 
c i p i t a t e  p a r t i c l e  exh ib i t ed  peaks f o r  Z r  i n  a d d i t i o n  t o  the  Nb and W peaks 
shown i n  F igure  12(c ) .  As  postulated, Z r - r i ch  p a r t i c l e s  formed a t  g r a i n  boun*- 
da r ies  i n  Cb-752 i n  a manner s i m i l a r  t o  the  H f - r i c h  p a r t i c l e s  formed i n  the  Ta 
a1 l o y s  . 
Aging 
P a r t i c l e s  a re  observed on t h e  g r a i n  boundary surfaces and 
I n  cont ras t ,  ana lys ls  o f  a grain-boundary reg ion  con ta ln ing  a pre-  
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Molybdenum-Base Al loy.  Mo-TZH 
Since t h e i r  i s  some i n t e r e s t  I n  Mo-base a l l o y s  f o r  space power systems, 
the c o m e r c i a l  a l l o y  Mo-TZM was chosen t o  round out  t h e  study o f  hydrogen 
embr i t t lement  o f  r e f r a c t o r y  metal a l l o y s .  It I s  w e l l  known t h a t  hydrogen has 
a very low s o l u b i l i t y  i n  Group V I  a l l o y s  such as Mo and a l s o  t h e  r e a c t i v e  
metal ( Z r  and T i )  content i n  No-TZM i s  very low so t h a t  aging embr l t t lement  
and increased s u s c e p t i b i l i t y  t o  hydrogen was no t  p red ic ted  f o r  t h i s  Mo-base 
a l l o y .  
Chemical analys is  
A s  w i t h  the  Nb a l l oys ,  Mo-TZM was aged on ly  i n  vacuum. No change i n  I n t e r -  
s t i t i a l  content  resu l ted  f rom the  1000 h aging and no increase i n  hydrogen 
content was detected upon subsequent doping at tempts.  Hydrogen content  a f t e r  
a l l  t he  aging treatments was near 1 ppm. 
Bend d u c t i l i t y  
Bend DBTT r e s u l t s  are shown I n  F igure 13 f o r  Mo-TZM i n  the  aged cond i t i on .  
Aging a t  975, 1100, and 1200 K I n  the annealed cond i t ion  the  DBTT was 260 K. 
r esu l ted  i n  a DBTT o f  260 K w h i l e  aging a t  1250 and 1300 K produced a s l i g h t  
increase i n  the  DBTT t o  275 K .  This increase I n  DBTT I s  be l ieved t o  be due t o  
a change i n  carbide morphology ra the r  than aging embr i t t lement  as was observed 
i n  the  Ta and Nb a l l o y s .  
i n  the  aged cond i t i on  which was expected s ince hydrogen content  d i d  n o t  increase 
The DBTTs a f t e r  hydrogen doping were s i m i l a r  t o  those 
dur ing  doping. 
Scanning e lec t ron  microscopy 
Scanning e lec t ron  microscopy r e s u l t s  f o r  a Mo-TZM specimen tes ted  a t  260 K 
a f t e r  aging a t  1250 K a re  shown i n  F igure 14. The f r a c t u r e  appearance f o r  
t h i s  specimen (60" bend angle) reveals  a mixed mode o f  f a i l u r e  i n v o l v i n g  areas 
. o f  d u c t i l e  tear ing ,  t ransgrannular  cleavage, and grain-boundary f r a c t u r e .  
Only Mo was detected i n  t h i s  specimen a t  the  grain-boundary f r a c t u r e  area. 
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DISCUSSION 
The aging and hydrogen embri t t lement o f  T-111 and o ther  s i m i l a r  Ta base 
a l l o y s  i s  be l ieved t o  be due t o  Hf segregat ion a t  g r a i n  boundaries. 
absence of p a r t i c l e  format ion i n  Ta-2Hf suggests t h a t  the  presence o f  W i n  the  
te rna ry  a l l o y s  a f fec ts  the  r a t e  and degree o f  H f  segregat ion t h a t  i s  observed 
i n  these a l l o y s .  
upon adding W t o  Ta (Pearson 1974) causing the  l a r g e r  H f  atom t o  segregate t o  
m i s f i t  o r  g r a i n  boundary areas. Competing w i t h  t h i s  e q u i l i b r i u m  segregat ion 
process i s  d i f f u s i o n  which w i l l  tend t o  evenly d isperse the  so lu te  a t  h igher  
temperatures (Hc Lean 1957). Hence, T-111 aged a t  1590K d i d  n o t  e x h i b i t  pre- 
c i p i t a t e  p a r t i c l e s .  Also, t h i s  mater ia l  d i d  no t  e x h i b i t  aging embri t t lement 
and was no t  suscept ib le  t o  hydrogen embri t t lement.  
The 
This may occur due t o  the  l a t t i c e  con t rac t i on  t h a t  occurs 
The r e s u l t s  f o r  the  Nb a l l o y s  i n d i c a t e  a s i m i l a r  type behavior as was 
observed f o r  the  Ta a l l o y s .  Segregation d i d  no t  occur i n  the  b ina ry  Nb-1Zr 
a l l o y ,  which would be expected t o  behave s i m i l a r l y  t o  the  Ta-2Hf a l l o y .  I n  
add i t i on ,  H f  segregat ion d i d  not occur i n  the  C-103 a l l o y  w i t h  10 percent H f .  
However, i n  Cb-752, which contains both W and Z r ,  grain-boundary Z r  segregat ion 
occurred and produced about a 50 K increase i n  the  DBTT o f  t h i s  a l l o y .  
a t  a c r i t i c a l  temperature o f  0.41 t o  0.43Tm i n  these a l l o y s  produces the  
aging embr i t t lement .  Aging a t  h igher temperatures resu l ted  i n  d u c t i l e  behavior 
as d i d  aging a t  lower temperatures. 
occurs a t  the  h igher  temperatures wh i le  longer t i m e s  a t  t he  lower temperature 
w i l l  r e s u l t  i n  the  aging embri t t lement phenomenon occur r ing  due t o  H f  o r  Zr 
segregation, s ince longer t i m e s  are requ i red  f o r  lower d i f f u s i o n  ra tes .  The 
r e s u l t s  f o r  Cb-752 a re  best compared w i t h  the  Ta-4W-2Hf a l l o y .  On an atom . 
percent  bas is ,  Cb-752 contalns 5.2 W t o  2.9 Zr. Therefore, w i t h  ag ing tempera- 
. tures based on a homologous temperature scale and compositions expressed on an 
atom basis ,  r e s u l t s  i n d i c a t e  t h a t  the Ta-base and Nb-base a l l o y  systems can be 
Aging 
Homogenization by d i f f u s i o n  apparent ly  
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descr ibed by t h e  same mechanisms. Although t h e  a l l o y i n g  elements T i  and Zr i n  
Mo have l a r g e r  atomic r a d i i  than does Mo and would be expected t o  segregate a t  
g r a i n  boundaries du r ing  long term aging, t h i s  phenomenon was no t  observed i n  
Mo-TZM. Consequently, aging embri t t lement d i d  no t  occur i n  t h i s  a l l o y .  The 
low concentrat ions o f  t he  r e a c t i v e  elements and t h e  carbon content  o f  Mo-TZH 
may account f o r  t h i s  behavior. 
o r  i n  s o l u t i o n  a t  these low l e v e l s .  
APPLICATION OF RESULTS 
The r e a c t i v e  elements were present as carbides 
The s tud ies described he re in  have establ ished t h a t  aging embri t t lement i s  
most pronounced as a r e s u l t  o f  l ong  term aging near 0.41 t o  0.43 T ( b u t  can 
occur over t h e  temperature range 0.35 t o  0.47 Tm) I n  a l l o y s  w i t h  4 t o  8 
atomic percent W and 2 t o  3 atomic percent H f  o r  Z r .  
w i t h  combinations o f  solutes i n  t h i s  concentrat ion range i s  proposed f o r  t h e  
c r i t i c a l  temperature range, then extreme care should be taken du r ing  subsequent 
handl ing o r  maintenance a f t e r  cool  down t o  room temperature. Great care should 
a l s o  be exercised t o  prevent exposure t o  hydrogen. 
CONCLUSIONS 
m 
I f  t h e  use o f  a l l o y s  
Based on a study o f  t h e  long term aging e f f e c t s  and s u s c e p t i b i l i t y  t o  
hydrogen embrit t lement o f  Ta, Nb, and Mo a l l o y s  the  f o l l o w i n g  conclusions are 
drawn : 
1. Aging embrit t lement occurs i n  Ta and Nb a l l o y s  t h a t  con ta in  a c r i t i c a l  
combination o f  W ( 4  t o  8 atomic percent)  and H f  or  Z r  ( 2  t o  3 atomic percent)  
t h a t  have been aged f o r  1000 t o  10 000 h i n  t h e  homologous temperature range 
o f  0.35 t o  0.47 Tm. 
2. A l l oys  e x h l b i t l n g  aging embri t t lement a re  much more suscep t ib le  t o  
hydrogen embri t t lement as evidenced by a f u r t h e r  increase i n  the  
d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature o f  these a l l o y s .  
1 4  
3. Scanning e lec t ron  microscopy demonstrated t h a t  segregat ion o f  H f  and Z r  
t o  g r a i n  boundaries l e d  t o  aging embri t t lement and increased s u s c e p t i b i l i t y  t o  
hydrogen embr i t t lement  i n  these a l l oys .  
4. The Mo-base a l l o y  Mo-TZM d id  n o t  experience aging o r  hydrogen e m b r i t t l e -  
ment as a r e s u l t  o f  long term aging over a s i m i l a r  homologous temperature 
range. 
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Figure 9. - Scanning electron microscope analysis of precipitate particles observed in  1315 K aged T-111 sheet. 
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Figure 12. - Scanning electron microscpoe analysis of f racture surface of 1175 K aged Cb-752. 
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Figure 14. - Scanning electron microscope analysis of f racture surface of 1250 K aged Mo-TZM. 
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